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iBSTRAGT 


Gommercial Aluminiiim melted 'fiBBPiW, to which 
commercial copper in the range (1-4 percent Gu) was added to 
prepare the alloys. Homogenization was carried out at 520‘^G 
for 2D hours and hot rolled at 400°G. Tensile and hot hardness 
samples were made and annealed at 520^ for 4 hours. 

Hot indentation tests were carried out at 360°G, 
400°G,450i?°G y -and 500 G for each composition hy varying testing 
periods upto 2 hours. Similar tests were carried in tensile 
samples for each composition tested during a + & — a 
(single phase) and in two phase regions hy varying testing 
periods from 5 to 120 minutes in the strain rate range 
of 10”^ min~^ to 10~^ min~^. 

Hot indentation tests show that hardness drops 
continuously reaching a minima over a period of 1 hour and 
again rises . slightly with time. The peak SRS values increase 
with percentage of copper and remain in superplastic range 
(m 2L .3) over a period of 2 hours in 3 percent and 4 percent 
Gu during a + 0 a. These values in comparison with 

Aluminium are far better. The peak SRS in single and two 
phase regions although not differ much in 1 percent and 2 
percent Gu but in case of 3 and 4 percent the difference 
is quite clear. 

The drop in hardness over a period of 1 hr. 
reaching minima attribute that additional softening processes 
might occur apart from general softening, for which diffusional 
flow mechanisms like Habarro or Goble creep have to be invoked. 
This helps to homogenize the material during softening. From 
tensile tests for higher holding times the increase in volume 
fraction continues dissolution reaction for long periods. 



keeping m .3. It is proposed that during dissolution 
reaction there is a transitory development of fine grain 
size (1 - 10 p) which extends even to homogenization 
periods because of Nabarro or Coble creep mechanism 
operating which predict high 'm' values. IhtiiJ this model 
supports the previous observations reported in Sn-Sb system 

[17]. 



CHAPTER - I 


INTRODUCTION 


The plastic deformation behaviour of metals 
and alloys has been studied extensively with a view to 
understand their processing behaviour. Metal-processing 
technologists are interested in large ductility (prolonged 
neck free deformation) and lower deformation load to economize 
the processing. Their ideal is 'glassy’ behaviour where 
material would show extensive ductility under very low 
stresses. 

Characterization of Plastic Deformation 

Plastic flow in metals is characterized by a 
flo w equation; 

a = Kf (1) 

where a is the stress to cause the plastic deformation, 

K is a material constant, ^ is the plastic strain, je • plastic 
strain rate, 'n' is strain hardening index and 'm' is a 
strain rate hardening index or strain rate sensitivity (SRS). 

Factors Affecting the Plastic flow 

The factors which affect the plastic flow of 
metals are as follows : 
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Temperature 

2. Microstructure 

3. Phase Transformation 

Temperature 

It is well known that increasing the temperature 
of a metal helps to lower down the deformation loads* This 
is achieved through progressive loss of yield strength of 
the metal with increasing temperatures. Purther, at 
temperature higher than -0. 5 T^, where T^ is the melting 
temperature of the metal expressed in recovery processes 

are fast enough to overcome the phenomenon of strain hardening 
and help retain def ormability of the metal even after progres- 
sively increasing deformation. 

<< 

At low temperatures 0.5 index ’m' 

in the equation (l) tends to' be zero and the plastic flow 
behaviour is governed by; 

cr = K' (2) 

Strain hardening index, 'n' becomes a measure of ductility 
in the material. 

At high temperatures (2 0.5 T^), where recovery 
processes are predominant, the strain hardening index, n 0 
and the flow behaviour is now governed by the equation 


cr 




(3) 
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SRS (m) becomes a measure of ductility (see Appendix I) 
in the material at these temperatures. 

Microstructure 

Generally, a single phase material is easier 
to deform plastically. Presence of two or more than two 
phases, especially when one of the phases is very strong 
is difficult to deform. 

In recent times, it has been established 
(^^^$£[263 that one can induce large scale ductility ( ^ 300 ^* ) 
in metals by obtaining a very fine grained (<-10 M’) micro- 
structure and carrying out deformation at temperatures higher 
than 0.5 It has been designated as 'Superplasticity'. 

Extensive studies on fine grained metals and 
alloys have revealed that the main cause of 'superplastic 
deformation' in these materials is the high SRS values 
(m ^ 0. 5) shown by them. There is also, lowering of defor- 
mation loads during the superplastic flow. It has been 
attributed to such internal mechanisms as, (i) Grain Boundary 
Sliding and (ii) Habarro-Herring or Coble Creep flow, which 
need lower operating stresses as compared to the usual 
dislocation controlled plastic flow. 

Phase Transformation 


Plastic deformation behaviour is drastically 
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altered if there is a phase transformation reaction taking 
place while the deformation is "being carried out. Following 
effects have been reported in this regards 

(i) G-eneral weakening (lowering of yield strength) 
of material . £lO,ll]- 

(ii) Higher SRS values i.e. (m >. 3 ) Cl7]. 

(iii) Increased ductility [14,15}. 

The general weakening of materials during a 
transformation reaction would help reduce deformation loads 
during processing. The high SRS values should contribute 
to large ductility values. Further, it has been shown that 
superplastic flow could be achieved by repeated cycling through 
transformation temperatiore range. 

Scone of Present Investigation 

Most of the studies on the effects of concurrent 
transformation have been confined to steels. It is probably, 
because of their extensive commercial usage. There are no 
reported studies on Al-Cu system which is one of the systems 
of commercial importance. 

In Al-Cu system (Fig. l) at small percentages 
of copper (^ 5 X ), there is a transformation reaction 
designated as J 


a 


a + © 


( 4 ) 
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where a is a solid solution and ©■ is an intermetallic 
compound, GUAI 2 . It is with a view to exploit this reaction 
towards processing ease, the present investigation has been 
carried out. The objectives of the present investigation 
are : 

1. To observe whether a a+6 reaction would 
lead to softening of Al-Cu alloys during the reaction. 

2. To study the effect of the above reaction 
OE the SRS Values. 

3 . To understand the effect of holding time 
and increasing copper percentage on the SRS? 

These are the limited objectives of the present investigations. 

To achieve these objectives two kinds of 
tests were performed, viz. (i) Hot Hardness test and 
(ii) Differential strain rate test C29]« 



CHAPTER - II 


L ITERATURE REVIEW 

In the introduction (i.e. Chapter I) it has 
been very briefly mentioned that the concurrent transformation 
affects (l) Strength (2) Ductility (3) Strain Rate Sensitivity 
and ( 4 ) Creep Behaviour in a material. The purpose of this 
Chapter is to review some of the reported studies and the 
explanations offered for the observed effects, 

2. 1 Effec t o n Strength 

The earliest reported observations are by 
Sauveur [l] on Iron which was subjected to plastic deformation 
by twisting it in a temperature gradient. The material showed 
regions of easy twisting (i.e. regions of low strength) where 
temperature in the sample was close to transformation 
temperature. Similar observations were made by E. Scheil 
[ 2 ] and Koref [ 3 ]. They termed the effect as ’amorphous 
plasticity'. There was no proper explanation for the 
observed softening, 

Bochvar studied the transformation effects on 
strength in terms of indentation hardness [ 4 ]. He showed 
that Al-Mg containing 5 ^ Mg was softejf than alloys containing 
3 percent or 7 percent Mg when tested at 300°C [ 5 ]. The 
softening was attributed to the proximity of the alloy 
containing 5 percent Mg to the solubility limit of Magnesium 
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in Aliiminium at 300°C. In other words 'solution and 
precipitation of mutual phases' (a — >• a + P reaction) 
occurred in the 5 percent Mg alloy while hardness was being 
measured and the same was absent (or less pronounced) in the 
alloys of other compositions. The loss of strength was 
q.ualitatively attributed to high diffusiorx rates and fine 
dispersion of phases. 

Lowering of hardness values during the trans- 
formation were also reported iU; steels [6] Magnesium alloys 
[ 7 ] and nickel alloys [s]. Most of the hot hardness observa- 
tions indicate weakening of materials near transformation 
temperat'Ures. However, there are few exceptional cases of 
strengthening reported by Kornilo^^ and Co-workers [9 ] . 

Systematic investigations on Fe + 0. 2 percent 
Carbon steel' were carried out by De Jong and Eathenau [lO]. 

They have observed weakening of the steel during allotro- 

pic transformation while twist deformation was carried out. 

They have attributed the weakening to internal stresses developed 
during the transformation process due to differences in specific 
volumes of the parent and the product phases. 

dinar d and Sherby [ll] attribute the weakening 
of Armo Iron, to the generation of excess interstiatials or 
vacancies during the process. In otherwords they have 
suggested rapid diffusion during the transformation, ' 
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Lozinsky and Simeonova [l2] attribute 
weakening in Armco Iron to the loss of coherency of the crystal 

1 "b i C 0 • 

Underwood [l3] has proposed that there is a 
general weakening of atomic bonds during any kind of phase 
transformation and therefore weakening is always expected if 
the material is deformed during the concurrent transformation. 

2. 2 Ef fec t on Ductility and St ra in-Rate Sensitivity 

Many workers [l4 915,16] have shown that neck 
free elongations of greater than 300 percent could be achieved 
by temperature cycling around the transformation temperatures. 
They have attributed these large ductilities to high Strain 
Rate Sensitivity (mn-.* 1) obtained during transformation. 

Most of the conclusions regarding high strain rate sensiti- 
vity where indirect since the tests where not Isothermal in 
nature. In order to verify whether m values are high (myF. 3) 
during the transformation. Isothermal tests were conducted 
by Vaidya and Agarwal [l7] in Sn-Sb system. They carried 
out tests at temperatures where dissolution reaction involving 
a + P — > a took place. The results are given in Fig. 2. 

It clearly shows that 'm* values are between 0.5 to .8 
during the period when the transformation is occurring. When 
the transformation goes to completion the *m' values fall 
below 0.25. The activation energy for deformation is nearly 
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half that of self diffusion of tin. 

They have proposed that during transformation, 
owing to volume difference between a and p phases internal 
stresses are developed. These in turn lead to sub grain 
formation (subgrain size 10 M-m). The fine sub grain size 
helps faster diffusion and in t’> 2 rn leads to high SRS values 
due to Nabarro or Coble type of viscous flow mechanisms. 

Yoder and Weiss [iS] recently carried out: 

Isothermal tests in Butect.oid steel while pearlite changes 
to Austenite. They however failed to detect hi^ 'm' values 
during the Isothermal testing. This is in contrast with 
Vaidya and Agarwal [l?]. study. 

.2* 3 Effect on Cr e ep Behaviour 

The first observation on creep behaviour was 
made by Pfiel on 80 Fi-20Cr alloy [l9] v/itli varying amounts 
of Titanium. He fpund that creep resistance near solid 
solubility limit (775^0) increased rapidly, but mth further 
addition of Ti it decreased, because of precipitation effects. 

A study bjr Guy and JPavelickEsO] was made in 
tin alloys containing- Antimony in solid solution. They found 
an anamoloy in creep rate near the.^solid solubility limit. 
In view of the recognized importance of grain boundary shearing 
at high temperatures during creep, they attributed the 
observed anamoloy in creep rate to be associated with 
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grain boundaries. 

Investigations by Porter and Rosenthal were 
made on Buteotoid steel C21] transforming to pearlite, bainite 

and martensite, under dead-weight tensile loading during 

Isothermal transformation. It appears that a threshold stress 

is associated with plastic deformation during transformation. 

In ease of pearlite and bainite transformations increased 

rates of transformation occur at same threshold stress, 

while in case of Martensite transformation the gross plastic 

deformation occurs at very low stress as shown in Pigs. 

( 3 , 4 and 5 ). 

They attribute the increase in plastic defor- 
mation due to dislocation pile ups a.t grain boundaries and 
other barriers produce stress fields, resulting in increase 
of nucleation rate. l^hen the cohrency between parent 
austenite and nucleus is lost the advancing interface will 
act as sink for these piled up dislocations, so a threshold 
stress is necessary to mcve thdm out in order to prolong 
plastic deformation. 

Similar studies were made on creep behaviour 
in Al-Mg alloys [ 22 ], Iron during a — ^ t'f transformation 
[23, 24] and Indium alloys [25] respectively. 

Prom the literature survey, it is observed that 
there exists no study of transformation effects on the 
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deformation behaviour of such an important system as 
Al-Cu in the range of 1 - 4 percent Cu • There are some 
studies related to micrograin plasticity [26, 27 and 28]. 
These are not concerned with the transformation effects. 


t 



CHAPTER - III 


E XPERIMEHTAl. PROG BPURE 


3 . 1 Sample Preparation 

Commercial Aluminium (99*9 percent) was melted 
in clay graphite cracibles. iBk Commercial copper (99.9 

p«=rcent) was added in composition by weight from 1 to 4- percent 
and casted in C-X- 'L' shaped moulds. The alloys were 
homogenized at 5 20'^C for 20 hours and hot rolled at 400°C 
into thin strips. Tensile samples were made as per dimensions 
shown in Pig. (6). The samples were annealed at 520®C for 
4 hop.rs before testing. 

5* 2 Mechanical Testing 

Tensile tests were carried out on Instron machine 
(Floor model/TT-G standard) , by incremental strain rate method 
ranging from .005 cm/min - 5 cm/min. The test temperature 
were selected below and above the solvus line and a high 
temperature -furnace capable of reaching 3000°P (supplied by 
Instron Co.) provided with a temperature controller (controlled 
within + 4°C) was used. The samples were tested by introducing 
them when test temperature was reached and waited till the 
sample attained the required temperature measured by Alumel- 
Chromel thermocouple. 
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3 . 3 Method of Testing 

The procedure suggested by Backofen et al [29] 
i.e. incremental step change in cross head speed after a steady 
state is reached for a particular cross head speed was adopted. 
Strain rate sensitivity Index *m’ was calculated according to 
the formula 

m = log 

= Maximum load at a cross head speed 

P = Maximum load at a cross head speed V 

Stress and strain rate were calcula.ted from instan- 
taneous specimen length assiuning uniform elongation. Since 
the measurements were done by increasing cross head speed, the 
method will introduce minor error until the high speeds were 
reached. The data for specimens shovhng necking on load vs 
time chart were neglected because most of the strain will occur 
at high strain rates. The finmace was controlled in such a way 
so that time interval between ON and OFP cycle was same and 
the time of testing the specimens ranged from 5 to 120 min. 
after attaining temperatures required. 

3.4 Hot Hardness Tests 

(a) Material Preparation 

The samples where made in the same way as tensile 
specimens, except circular samples of 3 cm x 2.54 cm were 
prepared. 


os 


where 
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(b) Testing Method - 

The experimental set up is shown as in Fig. (7). 

It mainly consists of a furnace capable of reaching 600°C, 
a controller to control temperature within + 4°C, and a 
dimmers tat (0-280 V) and a Alumel-Chromel thermocouple. 

The furnace is placed on the base of Brinfill- 
Hardness testing machine,, provided with a central screw which 
can move up and down by turning base wheel without distvrbing 
the finrnace= The sample was placed on the platform of central 
screw provided for the purpose. A thermocouple was placed 
on the specimen surface as shown in the Fig. (7). The furnace. 
Controller and Dlmmerstat are joined in series. 

Once the tpst temperature was attained in the 
fiirnace'the sample was inserted and waited till the specimen 
also reached the testing temperature. Initial hardness was 
taken by applying a load 300 kg for 30 sec. At time intervals 
adjusted shown in the tables the impressions were taken and 
measTured by Brih&U Microscope at the end of testing. Hot 
hardness B. H.N. was calculated from the formula 

B.H. H. = where 

P = load applied in kg 

D = diameter of the ball in mm (i.e. 

10 mm ) . 


d 


diameter of the impression in mm 



CHAPTER - IV 


RESULTS 

4.1 Variation of Indentation Hardness T-rith Time at 
Constant Temperature 

Tables (l-4) and Pigs. (8-11) show that for each 
alloy, hardness drops continuously with time till it reaches 
a minima, and then rises again. The subsequent rise in the 
hardness depends upon the temperature of testing and the 
composition of the alloy. The minima in the hardness values 
lie in the time range of 30-75 min. 

4.2 Comparison of Peak Strain Rate Sensitivity vs time ~ 
in Commercial Aluminium and Al-Cu Alloys 

The Pigs (12-14) and table 5 show that peak 
'm' values of 2-4 percent Cu in comparison with peak ’m' values 
of commercial aluminium tested at 450°C, 500°C and 520°C are 
higher and are well in superplastic range, i. e. (m > .3). 

It is also clear from these figures that peak 'm' values in 
case of 2-4 percent Cu alloys can be retained over a longer time 
of testing upto two hours. 

4.3 Variation of Peak SRS with Time at a Constant 
Temperature in Single Phase Region 

The SRS values vary with the applied strain 
rates. In all the cases a peak SRS value exsists at a given 
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holding time of testing. 

Pig. ( 15 ) and Table (6) indicate that the peak 
SRS Value, for a given composition seems to drop with the 
increasing holding times. The peak strain-rate sensitivity 
Values increases with percentage of copper (1-4 percent Cu) 
and values as high as 0.8 have been observed. It is clear 
from this plot (Pig. 15) that as the percentage of Copper 
increases (from I -4 percent) the values of peak 'm* remain 
above0»3 i. e. m > .5 even for tests conducted upto two hours. 

4 . 4 Comparison of Peak Strain Rate Sensitivity in 
Single and Two Phase Region 

Prom the Table (7) it is clear that peak 'm* 
values when tested in single and two phase regions for lower 
percentages of copper i e. 1 and 2 percent, there seems to 
be not much of difference. In case of 3 percent and 4 percent 
Cu there is a definite difference in peak *m' values, clearly 
showing that better peak 'm' values can be obtained in case 
of single phase regions. 
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EFPEGT OP 

TIME Olf HOT 

HARDKESS 

OP Ai-iycu 

ALLOY 


Time in 
(Min. ) 

360°C 

B.H.N. 

400°C 

B.H.N, 

450°C 

B.Ii.H. 

500°C 

B.H.H. 

0 

32 

15.82 

9.55 

7.57 

10 

14. 25 

- 


- 

20 

12.5 

11.57 


- 

30 

00 

o 

H 

- 

8 

5.94 

40 

11.57 

9.55 

- 

- 

50 

11.1 

- 

- 

- 

60 

11. 57 

9.55 

5.63 

4. 74 

90 

13. 08 

9.55 

7.26 

5.94 

120 

13.08 

12 

7.26 

5.94 
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TABLE 2 


EPPEGT 

OP TIME ON 

HOT HABIffiESS OP 

A1 ~ 2 ’j? 

Cu ALLOY 

- 

Time in 

560°C 

400^0 

450°C 

500°C 

(Min. ) 

B.H.N. 

B.H.N. 

B.H.N. 

B.H.N. 

0 

28.08 

16.18 

11.57 

7.57 

10 

21.7 

- 

- 

— 

20 

18.54 

10.67 

- 


30 

16.75 

- 

9.55 

4.7,4 

‘ i 

40 

16.18 

10. 26 

- 

- 

50 

14.8 

- 

- 

- 

60 

14.25 

9.18 

7.92 

3.85 

90 

16.75 

15.08 

9.55 

4.94 

120 

16.75 

13.08 

9.55 

5.94 
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EFFECT OF 

TIME ON 

HOT HARDNESS OP 

Al - 

'Cu ALLOY 

' ' — I..-.. 

Time in 

360°C 

400 °C 

450^0 

500 °C 

(Min. ) 

B.H.N. 

B.H.N. 

B.H.N. 

B.H.N, 

0 

19.48 

15.52 

9.55 

1.51 

10 

14.8 

- 

- 

- 

20 

11.1 

11. 57 

- 

- 

30 

11.1 

- 

6,61 

4.74 

40 

12.01 

11.57 

- 

- 

50 

12.01 

— 


- 

60 

12.01 

9.89 

6,61 

4. 74 

90 

13 

12.6 

7.92 

5.94 

120 

13 

12.6 

7.92 

5.94 
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TABLE 4 

effect of time on hot hardness of A1 - 4/ Cu ALLOY 


Time in 
(Min. ) 

560°C 

B.H. N. 

400°C 

B.H.N. 

450°C 

B.H.N. 

500°C 

B.H.N. 

0 

20.53 

14.8 

11.57 

9.93 

10 

13.64 

- 

- 

- 

20 

12.48 

11.7 

9.55 

- 

30 

12.01 

- 

- 

5.94 

40 , 

12. 01 

11.7 

7.92 

- 

50 

- 

- 

- 

- 

60 

11.57 

9.55 

7.92 

4.74 

90 

12.4 . 

12 

7.92 

4.74 

120 

12.4 

12 

9.55 

7. 57 
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T.ABLE 7 

OOMP^IRISOH OE PEAK STRAIF RilTE SENSITIVITY IE SJI^G-LE 

MB TWO PHxTSE EEGION 


Gomposition 

ZCu 


Peak 'm' value in 
two phase region 


Peak ’m' in single 
phase region 


1 

0.39 

0. 21 

2 

0.55 

0.45 

3 

0.55 

0.73 


4 


0. 38 


0.80 









Test temperature 210°C 


o 

10 min 


o 

]'5 min . ■ / 0' 


A 

40 min 


■ # 

45 min 










o-g 0-050- 
1 1 0 040- 
2-5 0 - 030 - 
2 0 - 020 =° 


Effect of stress on martensite 

transformation 

No.136 nominal stress 984psi 

_ Ms= 200 ‘’C, I 

)- w.p - 0-030 c 

./^t(2 of I g E 5- 

)- y loayi5_-^0-010B-g-^ 

, j Q uj in -E 


^ 100 300 500 700 

, Temperature°C 

-Results of resistance and extension measurements 
made during quenching 'to form martensite at low 
applied stresses. The lower plot gives the percentag 
of the total load applied in temperature range 
indicated. 


— 2-5y |— 2-O-H k— 2-5 — 
• 0-5r 0-5r * 


drO-8 



All dimensins in cm . 


Fig 6 -Tensile testing specirnein. 




Briaell stage moving screyv 
Brin ell stoge. fql-ating 'pint 
Dimmerstoi 




Load releasing knob 
Load dial indicator 
Load applying knob . . ' 

Alumel-chromel thermocouple 
Inden ter , L 

Specimen ■. ' 

Furnace / ■ ' ■ ' ' ‘ .-Lr v' 







rdncss ( B. H 









Hot hardness (BHN) 






Peak strain sensitivity (m) 







Comparison of peak strain sensitivity in AI 
alloy and commercial aluminium. , , 



4“/oCu at 520°C 


Time (min) 


Comparison of peak strain sensitivity in 
Al-4°/oCu alloy and commercial aluminium. 




PcQ^ strain rate sensi tivity (m) 



Time (min) 


Comparison of peak strain rate sensitivity ir"* 
Ai-a^Cu alloy and commercial aluminium. 




1 ' 1 1 ' < 






fSliSiili 








Peak strain rate sensitivity (m) 





: ,v® j!'‘K , ^ ■ sias;* 


r/oCu at 430°c 
2°/oCu at 450°C 
3%Cu at 500°C 
4PcCu at 520 “C 


Time (min ) 


Effect of composition on peak strain sensitr 
durinq oc + e—^c^ transformation. /-■, 
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CHAPTER - V 


EI SOUSSIOHS 

5 . 1 Indenta ti on Tests 

Ali tHe Al"~ On alloys contain two pliases cc and 
e, at room temperature. The solid solubility of Cu in A1 at 
room temperat-ure is less than 0.1 percent. The solubility 
of Ou increases with temperature. Therefore, in any of the 
alloys tested, a dissolution reaction is expected to occur 
when heated above the room temperature. The quantity of 
copper that dissolves would depend upon the test temperatin-e. 

.The dissolution reaction would also cause change in volume 
fraction of the two phases. 

The average hardness of an alloy depends upon 
(l) the strength of the individual phases (2) their volume 
fraction (3) test temperature. 0, being an intermetallic 
compound, is a strong phase as compared to a. The hardness 
is therefore expected to drop with drop in volume fraction 
of '■ 0 '. At any test temperature the volume fraction of '6' 
changes with tiime due to the dissolution reaction hence, the 
hardness also decreases with time. Normally, the hardness would 
drop to a certain value over a period of time and then remain 
constant. But in all the alloys that were tested, hardness 
reaches .a minima and again increases with time. This would be 
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possible only if additional softening processes such as 
Naberro or coble creep flow is taking place. 

Piirther , the reduction of hardness is spread 
over a period of nearly 1 hour which indicates that the con- 
current reaction, a + 0 — > a must be spreading over that 
period. It would sound unusual at the first instance but 
when one considers the process of homogenization as a part 
of the reaction, then such long reaction times as 1 hour 
would be reasonable and quite possible. 

5 • 2 Co m parison of P ea k Strain Rate Sensitivity in 
C ommerci a l Aluminium and Al-Cu Alloys 

The difference in SRS values of commercial 
aluminium and Al-Cu alloys is attributable to the exsistence 
of concurrent transformation in the alloys as aga-inst its 
absence in the commercial aluminium. The concurrent reaction 
in the alloys helps sustain high SRS for a period higher than 
one hour since the homogenization reaction would continue to 
operate for such periods. 

5 • 3 Variation of Peak Strain Rate Sensitivity at a 

Constant Temp e rat u re in Single Phase Region 

The variation of peak SRS values f or a given 
composition with increasing holding time can be explained in 
terms of transformation periods, and the volume fractions 
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involved in tlae transformation. As the holding time 
increases, the transformation would have been partially 
completed and less volume fraction would be available for 
transformation during the tensile test. 

The volume fraction of an alloy involved in 
transformation process would depend on the composition of that 
alloy. With increasing copper percentages, the volume fraction 
going into the dissolution reaction would increase. It is 
this fact which would explain the variations in peak SRS 
values with time in different composition alloys. The alloy 
with the 4 percent Cu shows greater peak 'm' values as 
compared to those of 3 percent, 2 percent or 1 percent Cu 
alloy. 

further, the larger volume faractions involved 
in the transformation would take longer period for completion 
of the reaction. Hence higher peak 'm' values would be 
sustained for longer times in alloys containing 3 and 4 percent 
Cu. 

5 . 4 Comparison of Peak Strain-Rate Sensitivity in Single 
^.¥. 0 , . 0 ^ • 

The dependence of peak 'm' values on total 
volume fraction involved in the transformation process would 
also explain the differences observed in the SRS values in 
single and two phase regions. In case of alloys containing 
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1 percent and 2 percent copper the volume fractions available 
for transformation do not differ widely in single and two 
phase regions, and therefore SRS values do not differ widely. 

In case of 3 and 4 percent copper alloys the volume fractions 
available for transformation during two phase region is less 
than that available in single phase. Therefore the SRS 
values are higher in single phase region. 

The SRS values lie in the so called superplastic 
range (m ^0.3) when the deformation is carried concurrent 
to transformation. To explain such high SRS values one would 
have to invoice such mechanisms as diffusional flow and grain 
boundary sliding. The diffusional flow mechanisms (R-H 
creep, and coble creep) would predict SRS values as high as 
1 where as the grain boundary sliding mechanism (Ball Hut- 
chison Model) could predict SRS of the order of 0.5. The 
other high temperature deformation mechanisms predict lower 
SRS values . 

For R-H creep, coble creep (Appendix II) or 
grain boundary sliding to operate at strain ranges (10“ 
min"^ and above) a fine grain size in the range of 1 to 10 p 
must exsist. It is proposed that the dissolution reaction in 
the Al-Gu system would transitorily lead to extremely fine grain 
size and make the above mechanism operative. This is the same 
mechanism as proposed by Agarwal and Vaidya (17D. The lowering 
of strength dirring the transformation would also indicate 
rapid diffusional flow there by supporting the above model. 



.CHAPTER - Vr 


£MCiIIS.IM5 

The following conclusions are drawn from 
the present investigation; 

(1) In Al-Ou alloys softening occurs during 
the transformation reaction a + ©• ~> a. 

(2) During the transformation the SRS values 
are far better in comparison with commercial aluminium. 

(3) During transformation the SRS values 
increase with percentage of Copper (l ~ 4 percent Cu). 

As the holding time ranges upto two hours the SRS values 
remain above O.3 case of 3 and 4 percent Cu. In 
comparison with two phase region these values are better 
at higher percentages of copper. 
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.KffilQMOLOGlCAIjB^ OP SUPERPLA-'Pth 

i^J^UPERILAS^ jEHAVIQIJR 

lb is necessary to examine brief iv +>. t, 
n-p q + o-kt . ^-^ciiy the mechanics 

01 stable flow under tensilp 

to introduce 

the parameter of strain r>o+- « ® 

a n rate sensitivity (sRs). -The exrl 

nation follows that given hy BaoJcof on ot al [jg] 

A ductile niatorial when otrotchea by a tensile 
force can doforra uniformly only while, otablo flow 

(homogeneous deformation), ihn Unit of . 

t. .,1 ^ u . ®‘*=able flow is 

m 3 ,rlcod by the ^ j v. 

1C on.,et of »‘?oometrlcal instabilitv 
trstioM ^ f- ‘'’^•^■J-tty-sudden concen 

tration of dolormation at point - cn ^ 

vuin-c - Gallod necking. 

Necking generally occurs in r, 4. , . 

4. occurs in a material elongated 

under tesnsilo Inna « “ 

^siio load. Because 7 = ,4. i jn f'Wrsj •, 

aoformation. an inoromont , ^ ® 

inorcmont 1 oxtonsion, 61. .,ay 

al area roduotlon, 61, to insure 


or 


67 

M, 


A6l + 154 

6 € 


0 


6a 

■r 


( 1 ) 


which defines an increment of true strain £ mu^ 
duction can have two effects. 

b. It Causes a loss in Tna<^ « 

carrying ability of an amount 

f > where ffla the pruvailtn» tonaiir ri 

“ ^ ilow stress whe 

fiA ooourc Hate of loss = -««A. , „ 
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2. It may also cause increased load carrying capacity 
if strain hardening occurs, i.e. "ff ^ ^ 

Now, to avoid microscopic necking, the incipient neck 
should not grow, so — ^ a. 

The usual 'exhaustion’ of the strain hardening 

rx 

capacity in metals is responsible for a fall as^ 

increases and necking would begin when = a. 

In more general terms, 0 is a function of many 

variables 

0=0 (C,i ,T,y---~) ( 2 ) 


where €- is strain, 4 = stain rate, T = Absolute temperature 
of deformation and y = surface energy. 


Dif f erentiating 


do 

dt 


dt. 


+ ( 


ao 

i9€ 


)( 


dg ^ ^ ai 




( 5 ) 


This means that strain induced hardening to counteract neck 
formation may have multiple origins, metaillurgical cold work 
(i.e., strain hardening), and increase in strain rate, a drop 
in temperature, or a rise in surface energj'. The one to 
predominate determines many details of normal material 


behaviour. 
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At temperatures above 0.5 T , as are the 


m' 


temperatures in superplastic phenomenon, contribution from 
0 and the second term in the equation (3) becomes 
more importantj in other words the strain rate sens it ivity 

^ r>€ 


A convenient a {t ) relationship is c = K 
in which m is a very useful index of strain rate sensitivity 
given by m = d log /d log£. 


tFoWi 


P .,m 

y • = CJ = K: g 


(4) 


where P = load, A = Area of cross-section. 


At any point, along a rod in tension 


ii 1 

1 t 


€ = 

combining ( 4 ) and (5). - 


1 

A 


dt 


( 5 ) 


M = ( ^ ) 

dt '' A ^ 


l/m 


A 


1-m 


“ -4 

As long as m is 4. 1, the smaller the cross- 

section the more rapidly it is reduced. As m approaches 1, 

the reduction rate at all cross-sections approaches a common 

dA 

level. Whem m=l , the flox^ is Newtonian viscous and is 

independent of A, so that any cross-sectional irregularities 
are simply preserved during pulling. 


In a superplastic metal, where m is high 
but < 1 , this effect still exists. In a nonsuperplastic 

material in which m is always ^0.2 , a pronounced change 
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in cross section (neck) occurs where the. area is a minimum 
and stress higher than elsewhere. Jmj local stress increase 
in the superplastic metal produces only small change in 
strain rate and consequently such regions tend to deform at 
a rate not significantly different from the rest of the 
specimen and a very much extended version of a neck results. 
This effect makes it appear almost as if the specimen was 
not necking at all. 
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APPENDIX - II 

There are mah.y well established high temperature 
structural mechanisms proposed in the context of high temperatur 
steady state creep phenomenon and hot xrorking processes. Some 
of them have been invoked to explain the superplastic behaviour 
of various workers. It is therefore, pertinent to know 
details about the relevant mechanisms. 

These mechanisms could be classified into two 
groups (i) those operative at low stresses (ii) those operative 
at high stresses. 

The various low stress high temperatxire diffusion 
controlled mechanisms that have been identified as 

Atomic transport processes (l) Nabarro-herring mechanisms 

(2) Cctole mechanisms 

Drain boundary sliding mechanisms 

The various high stress mechanisms that have been identified 
are 

Dynamic Recovery Process 

Dynamic Recrystallization Process 

Atomic Transport Processes 

At sufficiently high temperatures ( > 0.5 T^) 

and low stresses crystalline solids c.an deform at a significant 
rate by atomic transport processes. This phenomenon is 
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possible because there exists, in real crystalline materials, 
locations where atoms can be added to, or removed from, the 
crystal lattice. '■^hen the material is stress free, and in 
equilibrium, the chemical potentials at these sinks and 
sources are everywhere the same, but on application of 
stress, providing that is not purely hydrostatic, chemical 
differences arise. These provide a driving force for 
diffusion between sources and sinks, and the resultant 
transport of matter changes the shape of the material in 
response to the deforming forces. The sources and sinks for 
atoms may be free surfaces, grain boimdaries or dislocations# 
while diffusion paths may be through the lattice, through 
a vapor phase, along a free surface, along grain boundaries 
or along dislocation cores. 

Nab arr o-Herring Green Mechanism [30. 31 I 

Nab arro- herring postulated that the creep results 
from the diffusion of vacancies from the regions of hi^ 
chemical potential at grain boundaries subjected to normal 
tensile stresses to regions of loxver chemical potential 
where the average tensile stresses across the grain boundaries 
are zero. Atoms migrating in the opposite direction 
through the lattice account for the creep strain. When the 
volume diffusion controls the steady state tensile creep 
rate, is given by 
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€ 



d^kT 


where b is the burger's vector, o is the applied stress, d 
is the mean grain diameter and kT is the Boltzmann constant 
times the absolute temperature. is a constant. The 

diffusivity is obtained from the tracer diffusivity 
D . Bor pure metals 


D 

f 



where and are the atomic fractions of A and B 

atoms, and f is the correlation factor. The dimensionless 
constant A^ depends insensitivity on the geometry of grains, 
but is generally estimated to have a value from 8 to 5. 


Nabarro creep does not invoke the motion of 
dislocation. It predominates over high temperature dislocation 
dependent mechanisms only at low stress levels and then, only 
for fine grained materials. 

In order to provide a ready comparison of 
Nabarro creep with other mechanisms to be discussed later, 
the eq.uation (3-1) is reformulated as 


^kT 

D^Gb 



(3.4) 
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where G- is the shear modulus of elasticity. 

Coble Creep Mechanism [• 52 ! 

Coble creep resiilts from the diffusion of 
Vacancies from regions of high chemical potential at grain 
boundaries subjected to normal tensile stresses to regions 
of lower chemical potential where average tensile stress 
across the grain boundaries is lero. Atoms migrate via 
grain boundaries instead of migrating through the lattice 
as in the case of ITabarro creep. The creep is given by an 
expression similar to that for ITabarrow creep except for the 
grain size dependence. The equation as reformulated is 


fekT 


= A' ( S ) 


cr ^l 


(3.5) 


where is the grain boundary diffusivity and Aj^* is a 

constant which depends insensitively on the geometry of grains 
and estimated to have value of 43. 

The grain boundary diffusion mechanism should 


predominate over volume diffusion when 
48 ( ^ ) ( ) > 7 

V 

Theories based on Grain Boundary Slidii 


(3.6) 


-X®si 




Gif kinb^:^ was the first to propose a model 


based on GBS. According to him the strain rate over the 
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superplastic region was given ty 

e = -if- V 

where - _P.Qhstant_ ^ expression gives a d~^ 

dependence and a stress dependence of unity of the strain 
rate which conflicts with some of the observations. 

Ball and Hutchison [ 34] proposed a model where 
the strain rate was mainly given by G-BS where dislocation- 
climb controlled mechanism acted as an accommodation 
process. They argued that groups suitably aligned grain 
slide over each other. Certain grains that obstruct the 
easy relative motion yield under resulting stress concentration. 
Under superplastic conditions, dislocations traverse such 
yielded grains and pile up at grain boundaries until their 
back stress prevents the boundary sliding. The high stress 
at the head of the pile up causes accelerated diffusion and 
dislocations rapidly escape by climb into and along grain 
boundaries. The strain rate is given by an expression 

e = exp (-U/kT) 

where U = activation energy for grain boundary diffusion 
and k is a constant. 
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